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Abstract

In order to protect against blood pressure, a mature artery is supported by mural cells which 

include vascular smooth muscle cells and pericytes. To regenerate a functional vascular system, 

arteries should be properly reconstructed with mural cells although the mechanisms underlying 

artery reconstruction remain unclear. In this study, we examined the process of artery 

reconstruction during regeneration of the zebrafish caudal fin as a model to study arterial 

formation in an adult setting. During fin regeneration, the arteries and veins form a net-like 

vasculature called the vascular plexus, and this plexus undergoes remodeling to form a new artery 

and 2 flanking veins. We found that the new vascular plexus originates mainly from venous cells 

in the stump but very rarely from the arterial cells. Interestingly, these vein-derived cells 

contributed to the reconstructed arteries. This arterialization was dependent on Notch signaling, 

and further analysis revealed that Notch signaling was required for the initiation of arterial gene 

expression. In contrast, venous remodeling did not require Notch signaling. These results provide 

new insights towards understanding mechanisms of vascular regeneration and illustrate the utility 

of the adult zebrafish fin to study this process.
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INTRODUCTION

An adequate supply of oxygen-rich blood to the entire body is essential for life and 

impairment of arterial blood flow can cause severe diseases, including myocardial infarction 

and limb ischemia. To circulate blood throughout the entire body, the heart needs to pump 

blood forcefully enough, and arteries suffer high pressure from this blood flow. Therefore, 

the arterial conduits need to be constructed in a way to make them particularly suited for the 

quick, efficient, and sustainable delivery of blood. To ensure high blood pressure, arteries, 

but not veins, are intimately associated with mural cells. The mural cells, which include 

vascular smooth muscle cells and pericytes, support vessel function. Moreover, they are 

indispensable for the development of a mature and durable vasculature (Cheung and Sinha, 

2011). For example, the loss of pericytes leads to the formation of numerous 

microaneurysms, hyperplasia of endothelial cells, and abnormal vascular formation 

(Hellström et al., 2001; Lindahl et al., 1997). Thus, the recruitment of mural cells is 

considered to be essential for the formation of durable arteries. Especially, in terms of 

developing vascular regeneration therapies, it is important to understand the mechanisms 

underlying the formation and regeneration of mature and durable arteries.

Compared to humans, zebrafish have a high capability of regeneration after an injury and 

can regenerate their fins, nephrons, heart, and other organs (Diep et al., 2011; Johnson and 

Weston, 1995; Poss et al., 2002). Given that mature and durable arteries should also be 

reconstructed during the regeneration of these organs, the zebrafish appears to be a suitable 

model organism to study artery regeneration. Furthermore, we believe that understanding the 

mechanisms underlying arterial reconstruction in zebrafish will contribute to the 

development of vascular regeneration therapies.

To reveal mechanisms of arterial reconstruction, fin regeneration provides us a remarkable 

system. As the caudal fin is thin and transparent, the vascular reconstruction process can be 

visualized in living fish. Moreover, the pattern of the arteries and veins in the caudal fins is 

quite simple. Each zebrafish caudal fin ray has a central artery and 2 flanking veins. Arteries 

are surrounded by smooth muscle actin-positive mural cells, and these vessels and mural 

cells are reconstructed during the process of fin regeneration.

Previous studies have revealed the cellular process of caudal regeneration in zebrafish. In 

this process, the regeneration of blood vessels starts with vascular healing. Then, vascular 

sprouting occurs from newly re-connected vessels, and around 2 days post amputation (dpa) 

the sprouts connect together to form a vascular plexus, whose structure resembles that of the 

primary capillary plexus formed during developmental vasculogenesis. Subsequently, this 

vascular plexus separates into veins and artery at 4 dpa . Furthermore, transposon-based 

clonal analysis revealed that reconstructed vessels in the regenerating zebrafish caudal fins 

are derived from endothelial progenitors in the stump (Tu and Johnson, 2011). In that study, 

the constituent lineages of cells in the adult fin were examined in zebrafish injected with a 

Tol2 transposon-based lineage tracer that drives GFP expression ubiquitously. Since Tol2 

based transposons integrate at approximately the 4000 cell stage (dome stage; i.e., before 

gastrulation), it allowed these researchers to follow the descendants of individual cells after 

this stage. Although their study clearly showed that regenerated vessel cells are formed by 
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the endothelial cells and their precursors in the stump, it also raised a further question as to 

the regeneration of the artery. Indeed, given that the endothelial lineage had not yet divided 

into arterial and venous sublineages at the time of Tol2 integration (Jin et al., 2005), it is 

unclear whether the zebrafish artery has the ability to construct a new durable artery, or 

whether other endothelial cells can contribute to the new artery.

To unveil the vascular reconstruction process precisely, in this study we first carefully 

characterized the arteries in the zebrafish caudal fins. Furthermore, by using 2 distinct 

transgenic lines, we were able to label arteries separately from veins. Unexpectedly, we 

found that the arterial endothelial cells in the regenerate come from venous endothelial cells 

in the stump, and that the venous endothelial cell-derived vascular plexus becomes 

rearranged into a new artery and veins. In contrast, the arterial endothelial cells did not 

contribute to artery formation in the regenerate. This study illustrates the utility of the adult 

zebrafish as a new model system to study not only the mechanisms of adult arterial 

formation, but also venous arterialization.

RESULTS

Characterization of the artery and veins in the zebrafish fin ray

We first characterized the arteries and veins in the zebrafish caudal fin by using 

Tg(fli1a:EGFP) fish, which express EGFP in both their arteries and veins (Fig. 1A, B, E). 
Zebrafish caudal fins are supported by bony fin rays, and each fin ray is associated with a 

single artery in the center of the ray and 2 veins adjacent to the bony ray (Huang et al., 2003) 

(Fig. 1A). Similar to mammalian arteries, we found that zebrafish arteries are highly 

associated with vascular smooth muscle cells, but that their veins are not (Bayliss et al., 

2006) (Fig. 1A). Furthermore, we found that Tg(flt4:YFP) fish (Bussmann and Schulte-

Merker, 2011) which express fluorescent protein YFP (citrine) under the control of the 

zebrafish flt4 promoter showed venous expression (Fig. 1D, G) while Tg(kdrl:EGFP)fish 

which express enhanced green fluorescent protein (EGFP) under the control of the zebrafish 

kdrl promoter showed strong arterial expression (Fig. 1C, F). In both transgenic lines, 

fluorescent protein-positive side branches were located between the artery and veins. 

Tg(kdrl:EGFP) was established by using the 6-kb promoter fragment of the kdrl gene (Jin et 

al., 2005). As the chromosomal location of the transgene integration site sometimes affects 

the expression pattern, especially when such a short promoter fragment is used, we also 

checked transgenic zebrafish that expressed mCherry (Tg(kdrl:ras-cherry); (Chi et al., 2008) 

and Kaede (Tg(kdrl:Kaede)) under the control of the zebrafish kdrl promoter. The 

expression of these 2 transgenes was also restricted to the artery (data not shown, Fig. 3). 
These results imply that kdrl expression in the adult caudal fin was restricted to the artery 

and not to the veins. The expression of these transgenes was retained after fin regeneration. 

The characteristics of the artery was gradually restored during fin regeneration, even though 

they had been once lost at the initial phase of regeneration (shown below, see Fig. 2A, C). 

In order to investigate the mechanism of vascular restoration, we first observed vascular 

reconstruction in detail by using these transgenic zebrafish. Due to the difficulty of whole-

mount in situ hybridization using zebrafish caudal fins (Smith et al., 2008), we could not 
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investigate the mRNA expression of those genes. Even though the actual gene expression 

pattern might be different, transgene expression was used as a differentiation marker.

Veins, but not the artery, contribute to the formation of the vascular plexus during 
regeneration

After fin amputation, the artery and veins in each fin ray heal and connect together by 24 

hours post amputation (hpa) (Huang et al., 2003). Next, they form a net-like vascular 

network called the vascular plexus around 2 days post amputation (dpa, Fig. 1H). In the 

Tg(kdrl:EGFP) fish, which express EGFP in the fin-ray artery, EGFP-positive cells were 

scarce in the regenerate at 2 dpa (Fig. 1I). Double transgenic Tg(kdrl:EGFP); 
Tg(gata1a:dsRed) fish were used for simultaneous imaging of Tg(kdrl:EGFP) -positive 

arterial cells and the tracts of blood flow, and this analysis revealed that vascular plexus 

formation was not disturbed in these double transgenics (Fig. 1K, L). On the other hand, 

almost all of the cells in the vascular plexus were Tg(flt4: YFP) -positive ones during the 

period of vascular plexus formation (Fig. 1J). These observations suggest that the vascular 

plexus had characteristics similar to those of the veins.

A previous report described lineage restriction in regenerating fins (Tu and Johnson, 2011), 

and the authors showed that the endothelial cells in the regenerate were derived from the 

endothelial cells in the stump. In light of their data and ours, we considered the possibility 

that the vascular plexus was derived from the venous cells in the stump. To examine this 

possibility, we first visualized the vascular healing process, as the vascular plexus is known 

to form from the site of vascular healing (Huang et al., 2003). For this visualization, we 

performed time-lapse imaging of Tg(flt4:YFP) -expressing cells before formation of the 

vascular plexus (supplementary material Fig. S1). At 18 hpa, Tg(flt4:YFP) -expressing 

venous cells migrated to the center of the fin ray. Around 24 hpa, the 2 veins associated with 

the same fin ray became connected together (supplementary material Fig. S1).

This observation supports the idea that the vascular plexus originates from the veins in the 

stump.

Next, we generated transgenic fish that express photo-convertible protein kikume-green and 

red (KIKGR (Tsutsui et al., 2005)) in both arteries and veins under the control of the fli1a 
promoter. When the venous cells were labeled by photo-conversion at 0 dpa (Fig. 1M), 
labeled cells were observed in the vascular plexus at 2 dpa (Fig. 1O). In contrast, when 

arterial endothelial cells were labeled at 0 dpa (Fig. 1N), a few (<10) labeled arterial cells 

were observed in the vascular plexus (Fig. 1P). These results suggest that the vascular 

plexus is derived from the venous cells in the stump and that the contribution of the arterial 

endothelial cells in the stump is minimal. As the transgenic fish expressed only a very low 

level of KIKGR, it was difficult to trace further the endothelial cells in the stump. After 

vascular plexus formation, the plexus becomes remodeled into 3 vessels having a spatial 

pattern similar to that of the artery and veins in the stump; but the vascular plexus is still 

present at the distal region (Huang et al., 2003; supplementary material Fig. S2A). Next, 

we examined whether the venous-derived cells in the vascular plexus actually contributed to 
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the formation of the new artery in the regenerate. To approach this problem, we carefully 

visualized the arterio-venous reconstruction process.

Separation of the vascular plexus into artery and veins occurs by vascular remodeling

The 3 distinguishing features of the artery in the fin ray are its position, the transgene 

expression driven by the kdrl promoter, and smooth muscle recruitment. In order to examine 

the process of artery formation, we first examined the sequence of this process. As 

previously reported (Bayliss et al., 2006), smooth muscle recruitment starts around 7 dpa. 

Consistent with that report, our immunohistochemistry experiments using frozen sections 

showed that the artery in the regenerate was not covered by smooth muscle cells even though 

the vascular plexus had already separated into 3 vessels (Fig. 2B). On the other hand, the 

proximal side of the artery in the regenerate was covered by smooth muscle cells (Fig. 2A). 
This observation suggests that vascular separation occurred prior to smooth muscle 

recruitment. We next examined whether vessel separation occurred prior to arterial marker 

expression, by using Tg(kdrl:EGFP); Tg(gata1a:dsRed) fish. At 4 dpa, the proximal side of 

the artery in the regenerate started to express EGFP in Tg(kdrl:EGFP); Tg(gata1a:dsRed) 
animals. However, the distal side of the vessels did not have Tg(kdrl:EGFP) -positive cells, 

although the blood flow had already begun in the 3 vessels (Fig. 2C). These results suggest 

that the vascular plexus has separated into the 3 vessels prior to kdrl promoter-driven 

transgene expression and smooth muscle recruitment.

Using time-lapse imaging of Tg(fli1a:EGFP) fish, we next examined how the net-like 

vasculature of the vascular plexus became rearranged into the 3 vessels (Fig. 2D). Most of 

the vessels in the vascular plexus gradually adjusted their angle, became aligned in the same 

direction as the vessels in the stump, and were then remodeled to form the vessels with large 

diameter (Fig. 2D). This vascular remodeling occurred close to the location of the future 

artery and future veins (Fig. 2D). These observations suggest that the vascular separation 

process occurs by the adjustment of vessel angle and vascular remodeling of the vascular 

plexus. Collectively, our results suggest that the artery in the regenerate originate from the 

vascular plexus, which derives from the veins in the stump. Consistent with our hypothesis, 

the regenerated artery was still Tg(flt4:YFP) positive (Fig. 2E) at 7 dpa, when the 

vasculature has already started to express the kdrl promoter-driven transgene (data not 

shown). The artery in the regenerate at this time still had characteristics similar to those of 

the veins, thus supporting the idea that the artery in the regenerate was derived from the 

veins in the stump. Therefore, we next examined whether the artery in the stump definitively 

did not contribute to arterial formation in the regenerate.

Arterial cells in the stump do not contribute substantially to arterial formation in the 
regenerate

To investigate if the stump arterial cells contributed to the new artery in the regenerate, we 

used Tg(kdrl:Kaede) fish, which express the photo-convertible protein Kaede only in their 

arteries (Fig. 3A). The arterial endothelial cells in the stump were labeled at 0 dpa by photo-

conversion (Fig. 3A). As had been observed in the Tg(kdrl:EGFP) fish, only a small number 

of arterial cells was found in the vascular plexus at 2.5 dpa (Fig. 3B). As almost all of the 

Tg(kdrl:Kaede)-expressing cells were labeled (red in Fig. 3B), these cells at 2.5 dpa were 
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derived from the artery in the stump. At 3.5 dpa, a small number of arterial cells in the 

regenerate (green cells in Fig. 3C) newly appeared at the tip of the artery in the stump (Fig. 
3C). As the number of these non-labeled cells (green cells in Fig.3C) in the regenerate was 

very small at 3.5 dpa and the labeled (red cells in Fig.3C) and non-labeled cells (green cells 

in Fig.3C) were complementary, the emergence of the non-labeled cells seemed not to have 

been due to the substitution of the photo-converted Kaede proteins with newly synthesized 

green ones in an artery-derived cell in the stump. These results strongly support our 

prediction that the artery in the stump did not contribute to regenerated arteries.

At 4.5 dpa, many cells started to express the Kaede transgene; however, labeled cells were 

not observed in vessels of the regenerate (Fig. 3D). These data suggest that the arterial 

endothelial cells in the stump did not make much of a contribution to the arterial formation 

in the regenerate and that venous arterialization seemed to have occurred. Interestingly, a 

contiguous part of the stump artery and the artery in the regenerate had both labeled and 

non-labeled cells. Tg(flt4:YFP) fish at 7 dpa also had Tg(flt4:YFP) -positive cells in the 

same region (Fig. 2E). These observations imply that the joint region between the artery in 

the regenerate and that in the stump was composed of both types of cells. Taken together, 

our data suggest that the origin of the vessels in the regenerate is the veins in the stump and 

that the artery in the stump does not contribute much to the formation of the new artery in 

the regenerate. In summary, the vascular plexus is derived from veins in the stump; and it 

forms the artery and the veins in the regenerate through vascular remodeling. Few arterial 

cells in the stump contribute to the regenerate.

Venous arterialization is regulated by Notch signaling

How did the vein-derived cells acquire their arterial identity? Notch signaling is known to be 

important for arterial differentiation (Krebs et al., 2004; Krebs et al., 2000; Lawson et al., 

2001; Lawson et al., 2002). To reveal the molecular mechanisms of vascular plexus 

arterialization, we pharmacologically inhibited Notch signaling by using the γ-secretase 

inhibitor DAPT (Micchelli et al., 2003), which blocks Notch cleavage and signaling. DAPT 

treatment from 2 to 4 dpa revealed that Notch inhibition disturbed the vascular remodeling 

in the middle region of the fin ray, which was presumed to be the future artery (Fig. 4B, C, 
and supplementary material Fig. S3A). Interestingly, the diameter of the veins was 

comparable between the control and DAPT treated fish (Fig. 4B, C). These results suggest 

that Notch signaling is important for the arterial remodeling but not for venous remodeling. 

Furthermore, DAPT treatment inhibited the initiation of arterial marker expression (data not 

shown).

To assess whether the impaired initiation of arterial marker expression was caused by the 

failure of arterial remodeling, we performed a pharmacological Notch inhibition experiment 

after vascular separation at 3.5 dpa (Fig. 4D). After DAPT treatment, the blood flow at the 

middle of the fin was still observed in some vessels (Fig. 4D), but was disturbed in others. 

Even though blood flow was not disturbed in this middle region, a transgene expression 

from kdrl promoter, which represents arterial gene expression, was affected in the DAPT-

treated fish, suggesting that the defective initiation of arterial marker expression is not due to 

the failure of arterial remodeling. In contrast, the arterial marker expression in the stump 
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artery was not abnormal. These findings suggest that Notch signaling is important for the 

initiation of arterial marker expression but not for its maintenance. To further investigate our 

hypothesis, we performed a DAPT treatment experiment using Tg(kdrl;Kaede) fish. At 4 

dpa, some of the arterial cells had already started kdrl promoter-driven transgene expression 

in the vessels in the regenerate. When the artery in the regenerate was labeled by photo -

conversion, labeled arteries could be observed in the DAPT-treated fish although the 

initiation of the kdrl promoter-driven expression was inhibited (Fig. 4E and supplementary 
material Fig. S3B). Consistent with our results, it was reported that Notch signaling in the 

mouse retina is important for the initiation of arterial marker expression but dispensable for 

its maintenance (Ehling et al., 2013; Lawson et al., 2001). Our data suggest that 

arterialization of the vascular plexus occurs by a combination of vascular separation and 

arterial gene expression and that Notch signaling is essential for the initiation of arterial 

gene expression as well as arterial remodeling. In our experiments, the inhibition of Notch 

signaling affected arterial vessel fusion, but not venous fusion, implying that prior to vessel 

fusion, future arterial cells and venous cells had already acquired a different character.

DISCUSSION

To withstand and adapt to blood pressure, functional and durable arteries need to be 

supported by surrounding cells, i.e., the mural cells. However, it is unclear how arteries are 

formed in the adult. In this study, by careful analysis of regenerating zebrafish caudal fins, 

we found that newly formed arteries originated from the veins in the stump. In contrast, and 

to our surprise, the arterial endothelial cells in the stump contributed little to the newly 

formed arteries. Although arteries and veins are the 2 major vessels constituting the vascular 

system, they are quite different in many aspects. For instance, arteries are specifically 

associated with vascular smooth muscle cells in mammals and in fish as well; whereas veins, 

but not arteries, have ostial valves. Interestingly, we showed that vein-derived arteries were 

supported by smooth muscle cells, i.e., mural cells, comparable to the arteries in the stump, 

suggesting that veins had acquired the ability to induce mural cells. Thus, the results of this 

study raise several interesting questions as to how much developmental plasticity endothelial 

cells have and how they acquire such quite different characteristics during development and 

regeneration.

Previous evidence has suggested that venous cells retain plasticity. Experimental 

manipulations such as flow reversal (le Noble et al., 2004) and transplantation (Moyon et al., 

2001; Othman-Hassan et al., 2001) have shown that embryonic venous cells can change into 

arterial cells. In the developing heart, some of the coronary arterial cells have been reported 

to be derived from the sinus venosus (Red-Horse et al., 2010). However, venous grafts do 

not acquire a full arterial phenotype (Kudo et al., 2007), which is probably due to their lower 

success rate compared to arterial grafts (Goldman et al., 2004; Sabik et al., 2005). Our 

results are consistent with these previous studies in the sense that venous cells have the 

required plasticity to transform into arterial ones and further indicate that functional arteries 

supported by mural cells can actually be generated from the veins, at least during fin 

regeneration. Thus, this study, as well as a series of previous studies, strongly suggests the 

possibility that understanding the mechanism of venous arterialization, especially that of the 
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dedifferentiation and identification of reprogramming factors, is likely to contribute to the 

improvement of bypass grafts and vascular regeneration therapy.

Although this study indicates that venous cells could regenerate arterial cells, it still remains 

to be elucidated whether all of the venous endothelial cells have the ability to become 

arterial cells or not. On the other hand, it is also possible that veins contain endothelial stem 

cells and provide a niche for these cells. Supporting this possibility, a side population of 

vascular endothelial cells in mouse choroidal vessels has been suggested to be vessel-

residing endothelial stem/progenitor cells that contribute mainly to angiogenesis 

(Wakabayashi et al., 2013). Precise tracing of individual venous cells would provide us a 

more clear answer to this question.

Our study revealed that Notch signaling is important for arterialization of venous cells. 

Notch signaling has already been known to be important for arterial formation during 

development (Krebs et al., 2004; Krebs et al., 2000; Lawson et al., 2001; Lawson et al., 

2002). However, because pattern formation of the zebrafish caudal fin vasculature is quite 

different between development and regeneration, it has not been elucidated whether the 

same signaling is involved in vascular regeneration. In this study, we showed that the same 

signaling was commonly involved in regulation of both vascular regeneration and 

development in spite of the difference in their morphologic procedures.

Furthermore, our experiments identified 2 different processes whereby Notch signaling 

played a role in vascular regeneration. The first one was arterial remodeling. Treatment with 

the Notch signaling inhibitor after vascular plexus formation disrupted arterial, but not 

venous, formation; besides, an avascular region was observed between the veins and putative 

arterial region. This observation implies that cells forming the vascular plexus were already 

fated into either the venous or non-venous cells and that Notch signaling was important for 

arterial remodeling of non-venous cells. An additional interesting point is that veins in the 

zebrafish fin regenerates were less sensitive to the Notch signaling inhibitor than were the 

arteries, thus suggesting the possibility that venous remodeling in the zebrafish caudal fin 

ray might differ from the arterial remodeling in terms of molecular mechanism. The second 

process in which Notch signaling was found to be essential was the initiation of expression 

of the arterial marker kdrl, as was recently reported to be the case in the developing mouse 

retina (Ehling et al., 2013). In addition, consistent with that previous study in mice, we 

found that Notch signaling was dispensable for the maintenance of arterial marker 

expression. These observations imply that, even in the adult vasculature, the signaling 

pathways used in the zebrafish vasculature are in common with those in mice; although there 

are some differences, such as regeneration capacity, between mouse and zebrafish.

In summary, we showed that venous arterialization depended on Notch signaling during fin 

regeneration. Our results also suggest that the adult zebrafish system can successfully model 

venous arterialization and adult arterial formation. Further extensive studies should reveal 

the precise mechanisms underlying venous arterialization and contribute to the development 

of vascular regeneration therapies.
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MATERIALS AND METHODS

Zebrafish Strains and Husbandry

Zebrafish were maintained according to standard methods. The establishment and 

characterization of Tg(flt4:YFP)hu4881, Tg(gata1a:dsRed)sd2, Tg(fli1a:EGFP)y1, 
Tg(kdrl:EGFP)s843, and Tg(kdrl:ras-cherry)s896 fish were described elsewhere (Bussmann 

and Schulte-Merker, 2011; Jin et al., 2005; Lawson and Weinstein, 2002; Roman et al., 

2002; Traver et al., 2003).

Regeneration and time-lapse experiments

Adult zebrafish were anesthetized with a standard solution of 0.02% tricaine (w/v; Tricaine 

Methane Sulfonate, MS-222, Sigma, A5040) or 500 ppm 2-Phenoxyethanol (SIGMA-

Aldrich, 77699) for 5–15 min, until their gills stopped moving. Fish fins were amputated at 

approximately 50% of the proximal–distal level. The amputated fish were kept in 1-l fish 

tanks containing 500 ml of water or in individual 250-ml beakers (4-5 fish/beaker) 

containing 100 ml of water at 26-28C. At least 10 fish in each group were used in each 

experiment. Throughout the experiments, the fish were deprived of food. For vascular 

imaging, amputated fish were placed under a confocal microscope (Nikon A1R-A1 confocal 

laser Microscopes) for imaging and then immediately put back into a beaker. The same fin 

ray and vessels of each fish were photographed at different time intervals during the course 

of the time-lapse experiments.

Pharmacological Treatments

The amputated zebrafish were placed in a 250-ml beaker and treated with 50 μM DAPT 

(Sigma-Aldrich) or control DMSO. The γ-secretase inhibitor was dissolved in DMSO to 

make a stock concentration of 10 mM. For protection from light, the beaker containing the 

fish treated with inhibitor or control DMSO was wrapped in air-vented aluminum foil. The 

water in the beaker was replaced with fresh water every 2 days.

Establishment of the transgenic lines

A 6.8-kb fragment of the kdrl promoter (Beis et al., 2005) was subcloned upstream of the 

kaede gene to create the final Tg(kdrl:kaede) construct. We injected 200 pg of linearized 

DNA into one cell-stage embryos and selected individual transgenic carrier adults by 

screening for fluorescent progeny. Three Tg(kdrl:kaede) founders were recovered with 

identical expression patterns but with various levels of expression. Tg(kdrl:kaede)s960 

exhibited the strongest expression and was subsequently used for experiments. 

Tg(fli1a:kikGR) was established by using the pTolfli1epDest vector obtained from the 

laboratory of Dr. Nathan Lawson. For the generation of the vectors, we followed the 

standard Gateway cloning technology (Invitrogen). As the transgene expression was very 

weak in the established transgenic fish, we used several lines to confirm the observations.

Immunostaining

For preparation of frozen sections, clipped zebrafish fins were fixed in 4% paraformaldehyde 

(PFA) in phosphate-buffered saline (PBS) at 4 °C for 1 day, and then treated with 10% 
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EDTA in 4% PFA at 4 °C for 1 day for decalcification. The fins were rinsed in PBS followed 

by immersion in a gradient of sucrose solution (15% for 2 hours, 20% for 2 more hours, 

25% overnight), and then embedded in Tissue-Tek® O.C.T. Compound. Sectioning of the 

fins was performed by use of a cryostat. Antibodies used for immunostaining were anti-

alpha smooth muscle actin antibody [B4] (abcam [ab40863]) and anti-GFP (Invitrogen).

For staining of whole mounts, clipped zebrafish fins were fixed in 4% paraformaldehyde 

overnight at 4 °C and subsequently stained with the anti-alpha smooth muscle actin for 

visualization of smooth muscle actin. The fins were rinsed in PBS, made permeable by 

immersion for 20 min in acetone at –20 °C, rinsed twice with PBS, and incubated in 

blocking serum for 1 h at 37 °C. They were then incubated with a 1:100 dilution of primary 

antibody in blocking serum overnight at 4 °C. The specimens were then washed extensively 

in PBS and subsequently incubated with a 1:200 dilution of Alexa-555-conjugated 

secondary antibody (Invitrogen).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Veins, but not arteries, contributed to the formation of the vascular plexus during fin 

regeneration. (A) Immunostained cross section through the middle level of a Tg(fli1a:EGFP) 
fin ray showing the vasculature (green) and smooth muscle actin (red). Each fin ray 

(outlined with white dots) is associated with 1 artery (a) in the center of the ray and 2 veins 

(v) adjacent to the bony ray. The artery is intimately associated with smooth muscle cells, 

but the veins are not. (B-J) Time-lapse images from representative regenerating fin rays of 

Tg(fli1a:EGFP) (B, E, H), Tg(kdrl:EGFP) (C, F, I), and Tg(flt4:YFP) (D, G, J) at 0 dpa (day 

after amputation) (B-G), and 2 dpa (H, I, J). (K and L) Simultaneous imaging of 
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Tg(kdrl:EGFP) –positive cells (green) and the trajectory of the blood cells (red) in living 

Tg(kdrl:EGFP); Tg(gata1a:dsRed) fish. White arrowheads point to the amputation site. (M 

and O) Venous endothelial cells of a Tg(fli1a:kikGR) were labeled by photo-conversion 

(red) at 0 dpa (M). At 2 dpa, labeled cells were found in the vascular plexus (O). (N and P) 

Arterial endothelial cells of Tg(fli1a:kikGR) were labeled (red) at 0 dpa (N). At 2.5 dpa, the 

labeled cells did not contribute much to formation of the vascular plexus (P). White 

arrowheads point to the amputation site, and the right side of the amputation site is the 

regenerating fin (distal). The white-dotted lines outline the fin ray in the stump. a, artery; v, 

vein.
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Fig. 2. 
Artery and vein separation occurred by rearrangement of the vascular plexus.

(A and B) Frozen cross-sections of different regions of the same fin ray in a Tg(fli1a:EGFP) 
caudal fin at 7 dpa. The arterial vessel in the regenerate close to the stump (proximal) was 

associated with smooth muscle cells (red, A). In the distal region of the fin ray (B), the 

vasculature (green) had separated into 3 vessels, but smooth muscle cells (red) had not yet 

been recruited. As the fin rays in the regenerate were usually thicker than those in the mature 

fin rays, they could be easily distinguished. Scale bars, 20 μm. (C) Simultaneous imaging of 
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Tg(kdrl:EGFP) (green) and the trajectory of the blood cells (red) in living Tg(kdrl:EGFP); 
Tg(gata1a:dsRed) fish. The white arrow points to the distal extent of Tg(kdrl:EGFP) -

positive cells. In the more distal side of the regenerate, Tg(kdrl:EGFP) -positive cells were 

not observed, although the blood flow showed 3 distinct streams, presumed to be the future 

artery and veins. (D) Representative image of remodeling of the vascular plexus. Time-lapse 

images of a Tg(fli1a:EGFP) regenerating fin ray at 2.75 and 3.25 dpa. Right panels are 

enlarged figures of the boxed regions in the left ones. Vascular fusion occurred close to the 

future artery (white arrows) and future veins (red arrows). (E) A representative regenerating 

fin ray of a Tg(flt4:YFP) at 7 dpa. A fluorescence image (bottom) and a same image merged 

with a bright-field image (top) are shown. In the stump, the artery did not have Tg(flt4: YFP) 

-positive cells except in a small region close to the artery in the regenerate. On the other 

hand, the artery in the regenerated region was Tg(flt4:YFP) positive. The amputation site is 

indicated by the white arrowhead. a, artery; v, vein.
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Fig. 3. 
Arterial endothelial cells did not contribute much to arterial formation in the regenerate. (A-

D) Time-lapse images from a representative Tg(kdrl:Kaede) regenerating fin ray from 0 dpa 

to 4.5 dpa. Kaede-expressing arterial cells were labeled (red) at 0 dpa by photo-conversion 

(A). At 2.5 dpa, when the vascular plexus is usually formed, labeled artery cells had 

penetrated a little bit into the regenerated region. Most of the vascular plexus seemed to 

comprise Tg(kdrl:Kaede) -negative cells (B). At 3.5 pda, non-labeled arterial cells (green) 

appeared at the tip of the labeled artery (C). C’ is an enlarged image of the boxed region in 

“C.” By 4.5 dpa, the number of non-labeled cells had increased, and sometimes these cells 

were not continuous with the artery in the stump (D). The amputation site is indicated by the 

white arrowhead. a, artery; v, vein.
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Fig. 4. 
Notch signaling was essential for vascular separation and arterial differentiation during fin 

regeneration. (B-D) Zebrafish caudal fins were clipped and then treated with the γ-secretase 

inhibitor DAPT or control DMSO as indicated in “A.” (B) Inhibition of Notch signaling 

caused vascular separation defects. DAPT treatment from 2 dpa (before ; 2d) to 4 dpa (+ 

DAPT; 4d) caused vascular separation defects in the artery but not in the veins. “C” is an 

enlarged image of the boxed region in “B.” Inhibition of Notch signaling from 3.5 to 6.5 dpa 

inhibited a transgene expression from kdrl promoter, which represents arterial gene 
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expression (D). Tg(kdrl:EGFP); Tg(gata1a:dsRed) fish were treated with DAPT from 3.5 to 

6.5 dpa. White arrows point to the distal end of the area of Tg(kdrl:EGFP) positive cells. The 

blood flow had already separated into 3 vessels at 6 dpa in both the control and some fin 

rays of the DAPT-treated fish. However, Tg(kdrl:EGFP) -positive cells were not observed in 

the DAPT-treated fish. (E) Inhibition of Notch signaling in a Tg(kdrl:Kaede) fish from 4 to 6 

dpa inhibited arterial gene expression. Kaede-expressing arterial cells were labeled (red) by 

photo-conversion at 4 dpa. Soon after conversion, the fish were treated with DAPT up to 6 

dpa. The amputation site is indicated by the white arrowheads in all photos. White arrows 

point to the the distal end of the area of Tg(kdrl:Kaede) positive cells.
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